AD-A102  426  NEW  YORK  UNIV  N  Y  DEPT  OF  CHEMlSTRt  F/G  7/4 

PHOTOEUECTRON  EMISSION  SPECTROSCOPY  OF  AQUEOUS  SOLUTIONS. (U) 

JUN  81  P  DELAHAY  N00014-75-C-0397 

UNCLASSIFIED  TR-16  NL 


ADA102426 


'  '  I 


i  A 


lEVE 


OFFICE  OF  NAVAL  RESEARCH 

- , 

Contras£[N^gl4-75-C-p397  J 

"  ,  Task  No.  NR  051-258 

^  _  .  • 

—i  ^TECHNICAL  REI^^J^.  16  (New  Series) 


Photoelectron  Emissicn  Spectroscopy  of 

Aqueous  Solutions,,  / - 

/  / 

I _ > 

by  _ 

Paul^Delahay  ! 

Prepared  for  Publicaticxi 


Accounts  of  Chemical  Research 


New  York  tSiiversity 
Department  of  Chanistry 
New  York,  NY 


3^^ 


Reproduction  in  whole  or  in  part  is  permitted  for 
any  purpose  of  the  United  States  Government 


This  docunent  has  been  approved  for  public  release 
and  sale;  its  distribution  is  unlimited 


bl  8 


^17 

04  014 


•  • 


UMr'nnoui'.cetJ 


lcatloxL_ 


By- 


Unclasslfied 


security  classification  of  This  page  fWiwi  D»tm  Enfrtd) 


4.  TITLE  f«n<J  Subtlllt) 

PHOTOELECTRON  EMISSION  SPECTROSCOPY  OF 
AQUEOUS  SOLUTIONS 


Accession  Por 

i:tis  c.r'Aki 

PTTC  T.'B  n 


Distribution/ 
Availnblllty  CodesI 
Avail  and/or 
Special 


1st 


fll 


REPORT  DOCUMENTATION  PAGE 


1.  REPORT  number 

16  (New  Series) 


]2.  GOVT  ACCESSION  NO 


7.  author^*; 

Paul  Delahay 


».  performing  organization  name  and  address 


New  York  University 
New  York.  NY  10003 


n.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 


Office  of  Naval  Research 
Arlington,  VA  22217 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 

3.  RECIPIENT'S  catalog  NUMBER 


S.  TYPE  OF  report  «  PERIOD  COVERED 

Technical  Report 


6.  PERFORMING  ORG.  REPORT  NUM6ER 


a.  CONTRACT  OR  GRANT  NUMBERfi; 

N00014-75-C-0397 


10.  PROGRAM  element,  PROJECT,  T,  S< 
AREA  a  WORK  UNIT  NUMBERS 


NR  051-258 


12.  REPORT  DATE 

June  1981 


<4.  monitoring  agency  name  a  AD0RESS(»  atUtnnt  horn  Controtlint  Ollle») 


13.  NUMBER  OF  PAGES 

21. 


15.  SECURITY  CLASS,  (of  Ihim  nport) 


15*.  declassification/downgraci,' 

schedule 


15.  distribution  statement  (oI  mu  R*porO 


This  document  has  been  approved  for  public  release  and  sale;  its 
distribution  is  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ot  th*  mbptrmcl  mtUrpd  In  Block  20.  II  different  from  Report} 


r- 


18.  sflPPLEMENTARY  NOTES 

Submitted  for  publication  in  Accounts  of  Chemical  Research 


/ 


Y  WORDS  fConlInu#  on  reveree  elde  If  neceeeaejr  and  Identify  by  block  number) 


Aqueous  solutions 
Emission  spectrum 
Photoelectron  spectroscopy 
Reorganization  free  energy 


Threshold  energy 
Water 


2o|  ilSTRAC^fCoiUlnu#  on  •/di  1/  n*c99»sry  tdmttfy  by  6|oefc  nuoib«0 


yReview  of  current  work  on  photoelectron  emission  spectroscopy  of  aqueous 
solutions.  Theoretical  background  covers:  free  energy  of  emission, 
threshold  energy  for  emission,  reorganization  free  energy.  Applications 
include:  water  and  hydroxide  ion,  anions,  cations,  weak  acids  and  bases 
and  their  Ions .  t; 

4 


DD  1473 


COITION  OF  I  NOV  58  IS  OBSOLETE 
S/N  01 02- LF -01 4.6601 


UnclassI fi ed 


kl 


security  CLAUIFICATIOH  of  this  PAOE  Date  Kniered) 


Photoelectxon  Bnissicn  Spectroscx>jy  of  Aqueous  Solutions 

Paul  Delahay 

Department  of  Chemistry,  New  York  University,  4  Washington  Place,  Room  514, 

New  York,  NY  10003 

Reoeived 

Irradiatioi  of  the  surface  of  a  liquid  ac  a  solution  with  jiiotcxis  of 
sufficient  energy  causes  the  emission  of  electrons  into  the  gas  phase  above 
the  liquid.  Electrons  can  be  collected  fcy  means  of  an  electrode  located  in 
the  vapca:  phase  above  the  liquid,  and  an  emission  spectrum  can  be  determined 
ty  varying  the  photon  energy.  Irradiation  in  the  vacuum  ultraviolet  range  at 
wavelengths  as  short  as  115  rm  is  necessary  with  most  aqueous  solutions.  New 
and  significant  results  were  receitly  obtained  fcy  this  method;  e;q>erimental 
separation  of  fast  (electronic)  and  slow  (nuclear)  relaxation  in  ionic 
solvation,  production  and  characterization  of  unusually  high  oxidation  states 
of  metals  generated  ky  photoionizaticn  in  aqueous  soluticxn,  information  about 
the  protcxiaticn  of  radicals  produced  ty  photoionizaticn  of  weak  acids  and 
bases  an5  their  ions  in  aqueous  solution.  These  and  other  results  are 
discussed  in  the  present  Account. 

A  few  ooranents  may  be  helpful  to  show  how  e;q>eriments  are  perfcxmed. 
Details  are  given  in  reference  1.  The  continuously  renewed  liquid  film  on  the 
flange  of  a  rotating  quartz  disk  (Figure  1)  is  irradiated  through  a  lithium 
fluoride  window.  The  disk  assembly  is  contained  in  an  evacuated  enclosure. 

The  solution  is  cooled  (ca.  2^C)  to  lower  the  vapor  pressure  aid  minimize 
attenuation  of  the  photon  flux  by  water  vapcx:  in  the  gap  between  the  lithium 
fluoride  window  and  the  rotating  disk.  The  photon  flux  is  monitored  by  means 
of  a  sodiun  salicylate  crystal  C  (vacuun  ultraviolet  to  visible 
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ccnversiai)  and  a  photomultiplier  detector  located  behind  the  glass  window  G. 
Both  the  photomultiplier  current  and  the  current  collected  by  the  electrode 
(gold  grid  mesh,  80%  transparency)  in  the  vapor  phase  are  measured  as  a 
function  of  the  photon  energy  E.  The  emission  yield  Y  is  ootrputed  and 
expressed  as  the  nunber  of  collected  elections  per  incident  photon  at  a  given 
E.  Results  are  displayed  as  an  enissicn  spectrum  consisting  of  a  plot  of  Y 
against  E  (Figure  2) . 

Free  Energy  of  Emission 

The  energetics  of  photoelectron  emission  by  a  solution  will  be  discussed 
first,  and  the  fundamental  equation  for  the  interpretation  of  experimental 
results  will  be  obtained.  This  will  be  done  for  a  concrete  exanple,  namely  an 
aqueous  solution  of  chloride  ions  (e.g.,  potassiim  chloride),  but  the 
treatment  is  readily  transposed  to  aniens  in  general,  electrically  neutral 
^ecies  and  cations. 

Photoelectron  emission  is  represented  by  the  equation, 

Cl“  (aq)  =  Cl(aq*)  +  e“(g),  (1) 

where  the  notatiens  (aq)  and  (g)  denote  species  in  solution  and  the  gas  phase, 
respectively.  Photo  ionization  is  a  "vertical"  process  (Franck-Condoi 
principle),  and  therefore  the  chlorine  atom  initially  retains  the  solvation 
nuclear  oenfiguratien  of  the  chloride  icn.  Conversely,  the  chlorine  atom 
produced  by  reaction  1  has  the  solvation  electronic  configuration  of  an 
electrically  neutral  substance.  Thus,  changes  in  nuclear  configuration  of 
solvent  molecules  are  slow  on  the  scale  of  time  considered  here  wherecis 
changes  of  electronic  configuration  are  fast.  The  transient  configuration  of 
the  solvent  molecules  is  denoted  by  (aq*)  in  eq  1.  The  solvation  nuclear 
configuration  about  Cl(aq*)  relaxes  according  to 

Cl“(aq*)  «  Cl(aq), 
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ard  a  solvated  chlorine  atom  is  obtained  hy  photoicnization.  This  atom  may 
undergo  further  reaction,  but  such  subsequait  process  need  not  ocncern  us  at 
this  stage.  Relaxation  from  vibrationally  excited  states  nnast  also  be 
considered  in  addition  to  relaxation  of  solvent  ocientaticn  when  diatomic  or 
polyatomic  molecules  or  ions  are  phoboicnized. 

Process  1  bears  some  resemblance  to  photoelectron  emission  ty  a  metal. 

The  latter  is  characterized  ty  the  work  function  of  the  metal,  that  is,  the 
work  done  in  transferring  an  electron  from  the  electrically  uncharged  metal  to 
infinity  in  vacuum.  The  counterpart  of  the  work  function  for  process  1  is  the 
free  energy  of  emissicn  aG^.  This  quantity  is  positive  and  pertains  bo  a 
vertical  process.  Conversely,  process  2  involves  a  negative  change  of  free 
energy  desigmted  as  the  free  energy  of  reorganization.  The  quantity  AG^ 
includes  a  contribution  from  vibrational  relaxation  for  diatomic  or  polyatomic 
species. 

The  sum  ag^  +  AG^,  which  is  smaller  than  AG^  since  AG,  <  0,  is  the 
e  r  e  r 

change  of  free  energy  for  the  adiabatic  process  (in  the  ^ectroscopic  seise) 
represented  ty  the  sum  of  reactions  1  and  2.  This  adiabatic  process  can  also 
be  regarded  as  ths  sun  of  the  following  two  reactions, 

cr(aq)  +  H'^(aq)  =  Cl(aq)  +  (3) 

l/2H2(g)  =  H‘^(aq)  +  e"{g),  (4) 

involving  the  dianges  of  free  energy  AG  and  AGjj,  respectively.  The  value  of 
AG  can  readily  be  calculated  from  thermodynamic  data  in  the  particular  case  of 
reaction  3.  This,  however,  is  not  possible  in  most  cases  because  the  relevant 
data  are  not  available,  e.g.,  for  the  oxidation  of  SO^  (aq)  to 
SO^(aq)  (with  emissicn  of  a  photoelectron). 

The  free  energy  AG  for  reaction  3  is  e^ressed  according  bo  the  usual 
ocnventicn  of  assigning  zero  free  energies  of  formation  bo  V2H2(g)  and 
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H''’(aq)  under  standard  ocnditicns.  Electrons  are  emitted  into  the  gas  phase 

in  our  case,  and  the  free  energy  of  focmaticn  of  the  electron  e”(g)  must  be 

e)?)ressed  in  a  vay  consistent  with  eq  3.  This  is  dcxie  by  introducing  reaction 

4.  The  change  of  free  energy  for  this  reaction,  =  4.50  eV,  was 

2 

calculated  fcy  Noyes,  and  consequently  the  standard  free  energy  of  formation 
of  e~(g)  is  4.50  eV.  The  preceding  value  of  does  not  include  the 
contribution  from  the  surfaoe  potential  at  the  solution-water  vapor 
interface.  The  surface  potentiaLL  will  be  neglected  here  since  it  is  small 

3 

(+0.1  V  for  water  )  and  nearly  cancels  out  when  differences  of  free  energies 
of  enissicn  are  considered. 

The  processes  represented  fcy  reactions  1  plus  2  and  reactions  3  plus  4  are 
equivalent,  and  the  oxrespcnding  changes  of  free  eiergy  +  aG^  and 
AG  +  aGjj  must  be  equal.  Hence, 

AGg  aGjj  +  AG  —  AGj,.  (5) 

This  general  equation  is  of  fundamental  inportanoe  in  photoelectrcn  onission 

spectroscopy,  as  will  be  evident  from  the  present  Account.  Eqmticn  5  is 

4  5  6 

inplicitly  contained  in  the  wDrk  of  Henglein  and  ooworkers.  '  Ballard 

reported  an  equation  similar  to  eq  5.  The  AG^  terra  was  not  included  txit  was 

briefly  discussed,  and  the  value  AG^  =  4.39  eV  was  obtained  from 

consideration  of  two  consecutive  reactions  equivalent  to  4.  Equation  5  was 

7—9 

applied  extensively  in  recent  papers  from  this  laboratory. 

Equation  5  clearly  shows  the  relationship  fc)etween  p)hotoch^ical  and 

4-9 

electrochemical  oxidation.  The  change  of  free  energy  AG  pertains  to 
reaction  3  written  as  an  oxidation,  and  consequently  the  reduction  pxstential 
for  the  Cl(aq)/Cl~ (aq)  ooiple  is  E  »  ^/|e|  (no  minus  sign!),  where  e  is  the 
electronic  charge  and  E  is  eiqpressed  with  reference  to  the  normal  hydrogen 
electrode.  The  term  AG^  in  eq  5  can  be  regarded  as  a  change  of  "reference 
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electrode."  The  positive  quantity  -aG^^  (aG^  ^  0)  ajpea'rs  in  eq  5  because 
AGjj  +  AG  pertains  to  an  adiabatic  process  whereas  photoelectron  emission  is 
a  vertical  process. 

Threshold  Energy  fa:  Emission 

The  central  problem  is  to  determine  some  characteristic  energy  from 
emission  spectra  and  to  find  the  relationship  between  this  energy  and  aG^  of 
eq  5.  This  problem  was  solved  only  recently  although  the  idea  of  studying 
f^otoelectron  emission  hy  solutions  dates  back  (1888)  to  the  early  vork  on  the 
photoelectric  effect  (historical  background  in  reference  10).  Three 
conditions  had  to  be  fulfilled:  (i)  A  theory  became  available  fa:  the 
ancilysis  of  emission  spectra,  (ii)  Transport  of  electrons  in  the  gas  phase 
was  under stood. (iii)  Instrumentation  was  developed^  for  the 
determination  of  emission  spectra  of  aqueous  solutions  in  the  vacuum 
ultraviolet  range.  Only  the  first  of  these  three  problens  will  be  discussed 
in  some  detail.  Transport  of  electrons  in  the  gas  phase  does  not  pose  any 
serious  problem,  and  instrunentation  was  briefly  discussed  after  the 
intrcxiuctory  remarks. 

The  theory  of  photoelectron  emission  by  liquids  and  solutions  was 
developed  in  several  stages.  A  three-step  model  for  enission,  which  was 

12 

inspired  from  solid-state  physics,  was  proposed  initially  by  the  author. 

Emission  was  considered  as  a  sequence  of  the  following  three  consecutive 

steps:  (i)  generaticn  of  mobile  (quasifree)  electrons  by  {^toicnizaticn  of  a 

species  (solute,  solvent)  in  the  liquid  phase;  (ii)  random  walk  of  mobile 

electrons  with  loss  of  kinetic  energy  to  the  liquid  medium;  (iii)  crossing  of 

the  liquid-vapor  interfacial  barrier  by  the  mobile  electrons  reaching  it.  A 

phenomenological  equation  for  the  emission  current  derived  from  this  model 

12 

provided  a  qiBlitative  understanding  of  endssicn  spectra.  An  essential 


feature  of  the  e}^>erijnental  method  also  follows  from  this  model.  Thus, 
electrcxis  are  emitted  into  the  gas  phase  from  a  layer  of  solution  having  a 
thickness  of  the  order  of  the  thermalizaticn  length  of  low-energy  (a  few 
electrcmvolts  at  most)  electrons  in  aqueous  solution.  This  l^gth  is  ca  2  to 
4  nm,  and  consequently  there  is  hardly  any  attenuation  of  the  photon  flux  as  a 
result  of  absorption  hy  water  in  the  layer  from  v4iich  emitted  electrons 
originate.  Conditions  of  a  thin-layer  technique  are  achieved. 

The  three-step  model  was  developed  further  by  treating  electrons  generated 

by  phoboicnizaticn  either  as  classical  particles  or  according  to  quantum 

mechanics.  The  classical  approach  (feveloped  by  Nemec^  proved  valuable  in 

14 

the  analysis  of  energy  distribution  curves  (not  reviewed  here)  but  was 
not  useful  for  the  analysis  of  emission  spectra.  The  quantum  theory  of 
Brodsky  aid  Tsarevsky^  was  very  successful  in  this  respect.  The  transport 
of  electrons  in  this  theory  is  treated  as  the  propagation  of  a  wave,  and  the 
interacticn  with  the  medium  is  accounted  for  by  an  exponential  attenuation 
factor.  Both  transmission  through  the  inter facial  barrier  and  reflection  by 
this  barrier  are  considered.  The  theory  was  criticized,  not  without  reasoi, 
for  its  treatment  of  image  focoes^®  and  its  neglect  of  fluctuations.^^ 

Yet,  the  extrapolation  method  based  on  the  Brodsky-TsarevslQ^  theory  is 
amazingly  successful  in  the  analysis  of  emission  spectra  of  aqueous 
soluticns.  Thus,  a  plot  of  y"  against  the  photon  energy  E  (Figure  2),  vi^re 
n  =  0.4  or  0.5,  is  linear,  and  extrapolation  to  y"  ®  0  yields  the  threshold 
energy  (Table  I).  Departure  from  linearity  very  near  E^  arises  from 
siiqplificaticns  inherent  to  the  theory.  The  linear  plots  with  n  >  0.4  and  n  = 
0.5  correspond  to  two  limiting  cases  of  a  more  general  equation  given  in 
reference  15.  The  choice  cf  n  depends  on  the  range  of  kinetic  energy  of 
electrons,  but  the  theoretical  criteria  are  too  stringent.  In  practice,  data 
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are  processed  ty  computer,  and  the  best  value  of  the  exponent,  n  =  0.4  or  0.5, 

is  determined  ty  means  of  statistical  analysis  {F-test,  Figure  2).  As  a 

rule  of  thumb,  cne  has  n  =  0.4  for  <  8  eV  and  n  =  0.5  fee  >  8  eV  fee 

aqueous  solutions.  Linear  extrapolation  plots  have  been  obtained  in  this 

laboratory  with  extremely  good  statistics  for  numerous  iens  and  molecules  in 

aqueous  solution,  and  the  linearity  of  the  extrapolation  plots  is  well 

established  even  if  some  aspects  of  the  underlying  theory  can  be  argued. 

Threshold  energies  were  correlated  to  free  energies  of  emission  by 

7  9  -  —  - 

recourse  to  ej^eriment.  '  The  Cl  ,  Br  and  I  iens  in  aqueous 

solution  were  selected  for  this  purpose  because  both  AG  (2.51,  1.98,  1.32  eV, 

respectively)  and  aG^  (-1.74,  -1.57,  -1.36  eV)  of  eq  5  can  be  calculated 

quite  accurately  fran  independent  data.  Thus,  one  computes  from  eq  5, 

AGg(Cr)  =  8.75  eV,  AGg(Br”)  *  8.05  eV,  AG^d")  =  7.18  eV  versus 

E^(Cr)  =  8.81  eV,  E^(Br")  =  8.05  eV,  E^d')  *  7.19  eV.  The 

relationship,  aG^  E^,  therefore  holds  foe  these  ions,  even  if  cne  allows 

for  the  uncertainty  from  the  neglect  of  the  surface  potential  (cf.  discussion 

of  eq  5) .  This  conclusion,  in  the  general  case,  can  be  justified 

qualitatively  in  terms  of  the  Gurney-Gerischer  fcxnnalign  developed  ty 
4  5  .  . 

Henglein  '  for  electron  transfer  in  solution,  but  this  analysis  is  beyond 
the  scope  of  this  Account.  In  ccxiclusion,  there  is  no  reason  to  doubt  that 
the  equation  ag^  %  E^  holds  in  general  (within  a  few  taiths  of 
electronvolt  or  even  better) . 

Reorgan izatioi  Free  Energy 

The  reorganization  free  energy  AG^  will  be  interpreted  by  following  the 
opposite  approach  to  the  one  at  the  end  of  the  preceding  section.  Thus,  ag^ 
will  be  equated  to  E^,  and  AG^  will  be  calculated  from  eq  5  for  systene 

fi 

for  which  AG  is  known.  This  will  be  done  foe  photo  ionization  of  the  five 


2+ 

cations  M  of  Figure  3.  The  threshold  energy  in  that  case  varies  almost 

linearly  with  AG,  end  the  calculated  values  of  AG^  are  nearly  the  sane 

(-2.05  to  -2.25  eV) .  In  general,  however,  AG^  varies  significantly  from  one 

species  to  another  evei  for  a  series  of  chemically  similar  substances  (e.g., 

fee  the  halides  discussed  in  the  preceding  section).  Plots  of  against  AG 

for  such  a  series  are  not  linear  in  general,  and  even  if  they  appear  linear 

they  do  not  have  a  unit  slope.  The  general  rule  holds  nevertheless  that  the 

reduced  form  of  a  strongly  reducing  redox  ooiple  (AG  <  0)  has  a  low  (c:a  6  to  7 

eV)  threshold  energy.  Conversely,  a  high  value  of  (ca  8  eV)  is  obtained 

for  the  reduced  form  of  a  strongly  oxidizing  redox  coiple  (AG  >  1  to  2  eV) . 

These  limits  are,  of  course,  approximate. 

Reorganization  free  energies  cover  the  reinge  -2.3  <  aG^  <  -0.3  eV  for 

the  substances  studied  thus  far  in  aqueous  solution.  The  limit  of  ca  -2.3  eV 
.  2+ 

oocrespends,  for  instance,  to  ions  such  as  M  in  Figure  3.  The  lowest 

absolute  value  of  0.3  eV  pertains  to  bulky  ions  with  multiple  charge  such  as 

4-  IQ 

W(CN)g  .  Analysis  of  the  emission  sp)ectrisii  of  this  icn  yields  E^  * 

5.39  eV  and  AG^  =  -0.32  eV  (AG  =  0.57  eV) .  The  cyanometalate  oerplexes 

generally  have  rather  small  reorganization  free  energies  (ca.  -0.3  to  -0.7  eV) 

and  low  threshold  energies  (<  6  eV) ,  and  irradiation  in  the  ultraviolet  range 

is  sufficient  to  cause  photoelectron  emission.  Thus,  the  ion  Fe(CN)^~, 

foe  instance,  was  found  long  ago^*^  (1923)  to  display  emission;  E^  =  5.53 

eV,  tC  -  0.36  eV,  AG^  =  -0.67  eV  (from  the  analysis  of  the  endssicn  spectrum 

in  reference  19) . 

The  reorgan izatioi  free  energy  will  be  interpreted  and  correlated  with 

p 

ionic  solvation.  The  latter  is  characterized  ty  the  real  free  energy  of 

,  3 

solvation  AG_  defined  as  "the  free  enerejv  change  in  the  process  vhere  an 
ion  in  field-free  ^aoe  is  inserted  into  a  large  quantity  of  solution  which 
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carries  no  net  electrical  charge."  Values  of  can  be  calculated  from 
2  3 

ther nodynamic  data  '  with  additional  oonsideraticns  outside  the  realm  of 

2  2+ 

thernodynandcs.  One  has,  for  instance,  AG  (Fe  )  =  -19.63  eV  and 

S 

3+ 

aG  (Fe  )  =  -44.87  eV  for  aqueous  soluticns.  Solvaticn  involves  changes 
s 

in  both  the  electronic  and  nuclear  configurations  of  solvent  molecules. 

2+ 

Conversely,  the  reorganization  process  in  the  photoelectron  emission  hy  Fe 

ions,  for  instance,  involves  only  the  relaxation  of  the  nuclear  configuration 

of  solvent  molecules  following  the  change  of  icnic  charge  from  2+  to  3+.  The 

2+ 

ccntributicn  from  nuclear  relaxation,  AG^  =  -2.11  eV  for  Fe  (Figure  3), 
is  only  a  small  fraction  of  the  difference  of  real  free  energies  of  solvation, 
AG^CFe^"^)  -  AG_(Fe^‘^)  =  -44.87  +  19.63  =  -25  .24  eV,  namely 

(-2.11)/(-25.24)  =  0.084.  The  Franck-Condon  principle  was  applied  in  reaching 

this  ocnclusicn,  but  no  model  of  the  solvaticn  process  was  introduced. 

Deterirdnaticn  of  AG^,  hy  means  of  j^toelectrbn  emission  spectroscopy  thus 

provides  an  exper  imental  method  of  separating  fast  (electronic)  and  slow 

(nuclear)  relaxation  in  icnic  solvaticn.  This  is  a  significant  result. 

The  preceding  results  will  be  reformulated  by  treating  the  solvent  as  a 

continuous  medium  undergoing  electronic  and  orientation  pjolarizaticn  as  a 

result  of  ionic  solvation.  The  real  free  energy  of  solvation  is  then  given  by 

the  Born  equation.  The  approach  is  quite  crude  but  straightforward.  Better 

models  and  methods  of  calculation  are  available  but  are  not  needed  for  our 

purpxnse.  Consider  photoelectron  emission  ty  species  A^'*’  (z  <  0)  in 

z-f  fz+l)  + 

solution,  and  assume  that  the  radii  of  the  A  and  A'  '  ions  are  equal 
to  sinplify  matters.  One  deduces  from  the  Bom  equation, 

R  -  -  1G|) 

■  <‘o^  -  -  ‘s^>' 

Cq  respectively,  the  optical  and  static  dielectric 


(6) 


10 


constants  of  the  solvent.  One  has  =  1.777  and  e  =  78.36  for  water  at 

o  s 

25°C,  and  R  =  0.56  in  that  case.  This  is  roughly  the  value  of  R  for 

g 

emission  hy  singly  ch  .rged  anions  :  R  =  0.50  ,  0.49  ,  0.48,  respectively,  for 

Cl  ,  Br  ,  I  ;  R  =  0.44  to  0.51  fca:  CH  depending  cn  the  estimate  of 

-  'V  9 

(OH  ).  The  value  R  0.50  also  holds  for  emissicn  by  liquid  water, 

that  is,  for  emission  hy  an  electrically  neutral  species.  The  change  of  free 

energy  for  ocientaticn  polarization  in  these  cases  corresponds 

approximately  tn  one-half  of  the  difference  between  the  real  free  energies  of 

solvation  in  eq  6.  In  ocntrast  with  the  preceding  cases  (z  =  -1  or  0),  the 

ratio  R  is  much  smaller  than  0.56  for  cations  (z  =  1,  2,  ...)  and  anions  with 

multiple  ionic  charge  (z  =  -2,  -3,  ...).  The  change  of  free  energy  for 

or ientation  polar ization  aG^  in  those  cases  is  only  approximately  one-tenth 

of  the  difference  between  the  real  free  energies  of  eq  6.  This  is  indeed  a 

drastic  departure  from  the  Born  model. 

O 

The  abnormally  low  values  of  the  ratio  R  were  interpreted  as  the 
consequence  of  strcng  dielectric  saturaticn.  Tine  static  dielectric  constant 
Eg  decreases  as  a  result  of  saturation  and  approaches  the  optical  constant 
E^.  In  the  limit,  one  has  R  -*■  0  for  -*•  fee  the  Born  model.  For 

instance,  one  calculates  (eq  6)  e^  =  1,91  from  the  value  R  =  0.084  for 

2+  2+ 
emissicn  hy  Fe  cn  the  simplifying  assurrpticn  that  the  radii  of  Fe  and 

3+ 

Fe  are  the  same.  The  Born  model  undoubtedly  breaks  down,  but  the 

foregoing  conclusion  about  a  drastic  effect  of  dielectric  saturation  seems 

2 

inescapable.  The  same  ccnclusion  was  reached  by  Noyes  in  his  work  cn  the 

real  free  energies  of  solvation  of  inorganic  cations  aund  aniens.  His 

ccnclusion  based  cn  a  formal  application  of  the  Born  equation  is  fully 

8  21 

confirmed  in  our  work  '  by  evidence  free  of  model  considerations  (cf.  the 
case  of  Fe^^  above) . 


u 

Dielectric  saturation  causes  the  threshold  energies  of  cations  and 
multiply  charged  aniens  to  be  much  lower  than  the  values  to  be  expected 
(E^  >  10  eV  in  general)  without  saturation.  Moreover,  emission  with 
fOTmaticn  of  unusual  oxidation  states  such  as  Cu(III)  and  Fe(IV)  in  aqueous 
solution  (Table  I)  would  hardly  be  possible  without  strong  dielectric 
saturation. 

Water  and  Hydroxide  Ion 

9  7  9 

The  threshold  energies  of  liquid  water  and  hydroxiefe  ion  '  in 
aqueous  solution  are  10.06  and  8.45  eV,  respectively.  The  difference  between 

9 

these  threshold  energies  will  be  interpreted  on  the  basis  of  the  free 

energy  diagram  of  Figure  4.  The  free  energies  of  formation  of  liquid  water 

-  -14 

and  CH  (aq)  ions  differ  ty  0.0592  log  10  =  0.83  eV  on  account  of  the 

dissociation  of  water.  The  free  energy  change  AG  for  the  reaction 

H20(aq)  +  H‘^(aq)  =  H20'^(aq)  +  V2H2(g)  (7) 

was  estimated  at  3.3jj^.3  eV  on  the  basis  of  the  emission  results.  The  value 

of  AG  =  1.97  eV  for  the  reaction 

OH"(aq)  +  H'^(aq)  =  CH  (aq)  +  (8) 

is  known  from  thermodynamic  data.  One  ccxcludes  from  the  preceding  data  that 
the  change  of  free  energy  for  the  reaction 

E^d^iaq)  =  H'^(aq)  +  CH(aq)  (9) 

is  -0.5+0. 3  eV.  Thus,  the  ion  H20'^(aq)  is  thermodyramically  unstable,  and 
the  hydro^l  radical  OH(aq)  does  not  protonate  to  any  extent.  These 

9 

conclusions  are  cxzisisteit  with  experimental  kinetic  data. 

The  difference  in  threshold  energy  foe  H2O  and  CH**  (aq)  foUo/s 
directly  from  Figure  4  and  eq  5  (with  AG^  %  E^) ,  namely 

-  E^(CH" )  =  [AG(CH")  -  AG(H20)3 

+  [AG(H20‘’’)  -  AG(CH)j  +  [AG^(CH)  -  AG^  {H20'^)  ] 

-  0.83  +  0.50  +  0.28 


1.61  eV 


(10) 
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The  notation  AG(X)  in  eq  10  denotes  the  free  energy  of  fcantaticn  of  species 
X.  The  three  ocntr  ibuticns  in  eq  10  eirise  because  water  is  only  slightly 
dissociated  (0.83  eV),  the  ion  H20^{aq)  is  unstable  (0.5  eV),  and  the 
reorgan izatioi  free  energies  of  CH  and  H20'*^  ions  are  different  (0.28  eV) . 
i^ions 

7  21 

The  threshold  energies  of  the  anions  studied  thus  far  '  are  in  the  7.2 
to  9.2  eV  range  (Table  I).  These  energies  will  be  correlated  to  gas-phase 
electron  affinities  in  the  case  of  univalent  aniens.  Consider  the  reactions 


A  (aq)  =  A  (g) 

(.U) 

A“(g)  =  A(g)  +  e"(g) 

(12) 

A(g)  =  A(aq), 

(13) 

involving  the  change  of  free  eiergy  -AG  ,  -aG  and  aG  ,  respectively. 

s  d  n 

The  sequence  of  reactions  11  to  13  is  equivalent  to  the  adiabatic  process 
involving  the  change  of  free  energy  AG^  +  AG^  (cf.  eq  1  and  2).  Haice, 
one  has 

AGg  =  -  AG^  +  AGj^  -  AGg  -  AG^.  (14) 

Equation  14  will  be  simplified.  The  term  ag^  0.1  eV  in  absolute  value) 
and  the  contribution  from  vibrational  relaxation  to  AG^  (a  few  tenths  of 
electronvolt)  c:an  be  neglected  to  a  first  approximation.  The  equation 
AG  'k,  AG  /2  holds  for  A~(aq)  ions.  The  electrcxi  affinity  EA  of  A(g)  is 
the  negative  enttolpy  of  electron  attachment,  and  one  has  EA  =  -AH,  %  -AG  . 

a  cl 

Equation  14  beccxnes  with  these  sinplificatiens,  AG  Iv  EA  -  (3/2) AG 

0  5 

(within  ca  +0.5  eV) . 

Since  one  has  E^  >  0  and  AG^  <  0,  AG^  is  the  sun  of  two  positive 

22 

quantities.  Extreme  values  of  EA  foe  the  anions  studied  thus  far  are  1.83 

eV  foe  CH  and  5.82  eV  for  CIO^.  The  ions  CH~  and  CIO^  nevertheless 

have  ty  cjoincidenca  the  same  threshold  energy  (8.45  eV)  because  the  difference 


13 


of  electrcn  affinity  is  oonpensated  by  the  difference  between  the  real  free 

energies  of  solvation.  The  halides  Cl  ,  Br~,  I~  represent  intermediate 

cases  in  which  the  ocntr  ibutions  from  E?^  (3.61,  3.36,  3.06  eV)  and  -AG 

s 

(3.46,  3.18,  2.81  eV)  are  similar  for  each  of  these  three  anions. 

Threshold  energies  have  eilso  been  correlated  to  the  energy  at  the 
maximum  of  the  absorption  bands  of  anions  exhibiting  charge  transfer  to  the 

7 

solvmt.  The  oorrelatioi  between  E^  an( 
in  agreement  with  the  relationship,  E^ 
from  a  model  for  this  type  of  charge  transfer  spectra. 


Cations 

Threshold  energies  of  oations  M  (Table  I)  will  be  correlated  to  the 
gas-phase  icnizaticn  potentials  of  the  icns  just  as  values  of 
for  anions  were  correlated  to  gas-phase  electrcn  affinities.  The  following 

Q 

relationship  holds 

^e  *  ^^i  ~  ^®s  “  (15) 

where  G?  is  the  free  energy  fee  the  gas-phase  icnizaticn  of  and 

the  superscript  represents  the  icnic  charge.  Equation  15  is  similar  to  eq 
14.  The  right  hand  side  of  eq  15,  except  fer  -AG^  ,  is  equal  (cf.  eq  5) 
to  AG^  +  AG^,  where  AG^  is  the  free  energy  change  foe  the  oxidation  of 
M  to  M'  ^  in  a  reaction  similar  to  eq  3.  The  free  energy  aG^ 

2  2  Z+1 

can  be  calculated  from  aG  ,  aG  ,  aG  ,  but  the  necessary  data  are 
generally  not  available,  and  one  sinply  equates  AG?  to  the  ionization 
potaitial  (enthalpy). 

One  tes  for  the  catiens  of  Table  I;  I*  =  20,  30  to  37,  43  to  57  eV, 

respectively,  for  z  =  1,  2,  3;  -Acf  =  3.5  to  5,  15.5  to  21,  42  to  45  eV, 

s 

re^>ectively,  for  z  =  1,  2,  3;  -AG^"^  <  ca  2.5  eV.  Equation  15  therefcare 
involves  the  difference  of  relatively  large  nutoers  in  ocxiparison  with 


14 


AGg.  There  is  partial  cancellaticn  of  the  terns,  and  the  range  of 

values  in  Table  I  is  oily  ca  2.5  eV.  Data  fee  emission  ty  Fe^'*’  are  typical: 

AGg  ^  =  7.38  eV  (Table  I),  AG?  =  30.51  eV  (calculated  from 

AG^  =  0.77  eV;  ocarpare  with  =  30  .  64  eV),  AG^  =  -19.63  eV,  AG^ 

s  s 

=  -44.87  eV,  and  AG^  =  -2.11  eV  (from  eq  15). 

Equation  15  suggests  a  simple  cxarrelaticn  between  E^  and  in  a 

series  of  cations  provided  the  algebraic  sum  of  other  terms  in  this  equation 

is  nearly  exastant.  This  is  the  case  foe  the  cations  of  the  five  metals  of 

2  2 

Figure  5.  The  cxarrelaticn  between  E^  and  is  ev&i  more  striking 

if  the  threshold  energies  are  corrected  fear  the  difference  Ae^  in  the  ligand 

.  0.4.  Oj. 

field  stabilizaticn  energies  for  the  M*'  ^aq)  and  M  (aq)  hexaquo  iens  in 

o 

an  cxtahedral  field  (Ae^  calculated  from  data  in  reference  23). 

V^k  Acids  and  Bases  and  Their  Ions 

Weak  acids  in  most  cases  have  higher  threshold  energies  than  their  aniens, 

21 

and  conversely  weak  bases  have  lower  threshold  energies  than  their  cations 
(Table  I).  These  observations  can  be  acxx)unted  for  by  the  methed  of  analysis 
used  fee  water  and  hydroxide  ion.  One  has  for  the  acid  HA  and  its  anion  A~, 
E^.(HA)  -  E^(A")  =  [AG(a")  -  AG  (HA)]  +  [aG(HA'^)  -  AG(A)  ] 

+  [AGj.(A)  -  AGj.(Ha'*')],  (16) 

where  AG(X)  represents  the  free  energy  of  formation  of  species  X.  Equation  16 
is  similar  to  eq  10  for  water  and  hydroxide  ion.  Each  of  the  three  terms  on 
the  ri^t  hand  side  of  eq  16  will  be  examined. 

One  has  AG(A~)  -  AG  (HA)  =  =  -0.0592  log  K,  where  AG^  is 

e:^ressed  in  electrcnvolts  and  K  is  the  disscx:iaticn  cxnstant  of  HA.  Sinc:e 
K  >  10“^  foe  the  acids  of  Table  I,  one  has  AG^  <  0.3  eV.  The  terra 
AG^  (A)  -  AG^  (HA^ )  should  not  exesed  a  few  tenths  of  electrcxivolt  at  most 
because  the  ions  HA^  and  A~  have  the  same  cheurge  in  absolute  vadue  and 


have  conparable  sizes.  Moreover,  the  ccxitributicns  from  vibrational 

relaxation  should  nearly  cancel  out.  The  difference  of  reorganization  free 

energies  therefore  can  be  neglected  in  eq  16  to  the  approximation  of  a  few 

teiths  of  electronvolt.  The  term  aG(HA^)  -  aG{A)  in  eq  16  is  the  change  of 

free  energy  for  the  protonaticn  reaction  h'*’  +  A  =  HA^  involving  the 

products  of  the  jhoto ionization  of  a”  and  HA.  Inspection  of  the  values  of 

in  Table  I  shows  (with  AC^  <0.3  eV)  that  this  change  of  free  energy  is 

positive.  Thus,  the  ion  HA^  is  unstable  and  the  radical  A  does  not 

protonate  to  any  significant  extent  in  aqueous  solution.  This  anedysis  is 

extended  in  reference  21  to  the  acids  HA  (n  =  2,  3)  and  their  aniens. 

n 

Equation  16  can  be  transpcjsed  to  the  differencse  between  the  threshold 

energies  E^(B)  -  E^(HB'*’)  of  a  base  B  and  its  cation  BH*^.  The 

difference  between  the  free  energies  of  focmaticn  AG{BH'*’)  -  AG(B)  =  is 

negative.  One  has  (in  electron  volts)  =  -0.0592  log  K^,  where  is 

the  equilibrium  constant  for  the  protonaticn  reaction  B  +  H'*’  *  BH'*’.  One 

has,  for  instance,  =  -0.64  eV  for  triethylamine  (Table  I).  The 

2+  + 

difference  between  the  reorganization  free  energies  aG^(BH  )  -  AG^(B  ) 
is  negative  ard  nc3t  negligible  (perhaps  -0.5  eV)  because  of  the  difference  in 
ionic  charge  of  the  species  involved  (and  de^ite  dielectric  saturation). 
Conversely,  the  quantity  E^(B)  -  E^(HB'^)  -  aG^  for  the  bases  and 
cations  of  Table  I  are  quite  snail,  e.g.,  -0.20  eV  for  triethylamine.  One 
oonedudes  from  these  cxnsideraticns  that  the  quantity  AG(B^)  -  AG(BH'^)  is 
positive.  This  quantity  is  the  change  of  free  energy  fc3r  the  disscxriation 
■  H"*"  +  B*,  and  consequently  is  stable  and  protonates 
provided  the  pH  is  not  too  high.  The  case  of  ethylenediamine  (Table  I)  and 
its  catloi  BH^'*’  can  be  analyzed  in  a  similar  viay.^^ 


,6 


Conclusicn 

I"  I 

The  approach  in  the  photoelectron  endssicn  spectroscopy  of  aqueous 

solutions  is  sirnple  and  direct  in  its  essence:  determine  threshold  energies 

and  interpret  (eq  5)  the  results  in  terns  of  free  energies  for  adiabatic 

oxidaticn  (aG)  and  reorganization  (aG^).  Conditions  fa:  aqueous  solutions 

are  particularly  favorable  because  of  the  high  threshold  energy  (10.06  eV)  of 

water,  but  application  to  other  solveits  and  a  variety  of  solutes  should  be 

24 

feasible  and  interesting. 

Our  vork  on  p^toelectron  emission  spiectrosoopy  was  sipiported  by  the 
Office  of  Naval  Research  and  the  National  Science  Foundation. 


References 

(1)  I.  Watanabe,  J.  B.  Flanagan  and  P.  Delahay,  J.  Chem.  Phys.,  73,  2057 
(1980). 

(2)  R.  M.  Noyes,  J.  Am.  Chem.  Soc.,  84,  513  (1962);  86,  971  (1964). 

(3)  B.  Case  and  R.  Parsons,  Trans.  Faraday  Soc.,  W,  1224  (1967). 

(4)  A.  Henglein,  Ber.  Bunsenges.  Physik.  Chem.,  78,  1078  (1974);  79,  129 
(1975) . 

(5)  A.  J.  Frank,  M.  GrMtzel  and  A.  Henglein,  Ber.  Bunsenges.  Physik.  Chem., 
80,  593  (1976). 

(6)  R.  E.  Ballard,  Chem.  Phys.  Lett.,  97  (1976). 

(7)  K.  von  Burg  and  P.  Delahay,  Chem.  Phys.  Lett.,  78,  287  (1981). 

(8)  P.  Delahay,  K.  von  Burg  and  A.  Dziedzic,  Chem.  Phys.  Lett.,  79,  157 
(1981) . 

(9)  P.  Delahay  and  K.  vcn  Burg,  Chem.  Phys.  Lett.,  submitted. 


(10)  B.  Baron,  P.  Chartier,  P.  Delahay  and  R.  Lugo,  J.  Chem.  Phys.,  ^  2562 
(1969). 


(11)  P.  Delahay,  P.  Chartier  and  L.  Nemec,  J.  Chem.  Phys.,  53,  3126  (1970). 

(12)  P.  Delahay,  J.  Chem.  Phys.,  55,  4188  (1971). 

(13)  L.  Nemec,  J.  Chem.  Phys.,  59  ,  6092  (1973). 

(14)  H.  Aulicii,  P.  Delahay  and  L.  Nemec,  J.  Chem.  Phys.,  59,  2354  (1973). 

(15)  A.  M.  BrodslQr  and  A.  V.  Tsarevsky,  J.  Chem.  Soc.  Faraday  Trans.  II  72, 
1781  (1976). 

(16)  Yu.  Ya.  Gurevich,  Yu.  V.  Pleskov  and  Z.  A.  Rotenberg, 
"Photoelectrochemistry,"  translation  by  H.  S.  Wroblowa,  Consultants 
Bureau,  New  York,  1980,  pp.  196-198. 

(17)  Yu.  V.  Pleskov,  J.  Electroanal.  Chem.,  227  (1979). 

(18)  P.  R.  Bevington,  "Data  Reducticn  and  Error  Analysis  for  the  Physical 
Scienoss,"  McGrav^Hill,  New  York,  1969,  p.  199. 

(19)  L.  Nemec  and  P.  Delahay,  J.  Chem.  Phys.,  57,  2135  (1972). 

(20)  B.  Case  in  "Reactions  of  Molecules  and  Electrodes,"  N.  S.  Hush,  Ed., 
Wiley-Interscience ,  New  Ycark,  1971,  pp.  45-134. 

(21)  K.  von  Burg  and  p.  Delahay,  Chem.  Phys.  Lett.,  submitted. 

(22)  L.  G.  Christophorou,  "Atomic  and  Moleculeu:  Radiation  Physics,"  Wiley- 
Interscienoe,  New  York,  1971,  pp-  546-551,  565-571. 

(23)  T.  M.  Dum,  D.  S.  McClure  and  R.  C.  Pearson,  "Crystal  Field  Theory," 
Harper  and  Row,  New  York,  1965,  p.  82. 

(24)  Ncnaqueous  solvents  of  low  vapor  pressure  were  in  fact  used  in  earlier 

25 

work  (not  reviewed  here)  cn  energy  distribution  curves.  Such 
solvents  were  not  used  thus  far  in  the  determinaticn  of  threshold 
energies  although  some  of  the  earlier  endssicn  spectra  could  be  analyzed 
for  that  purpose. 

(25)  L.  Nemec,  L.  Chia  and  P.  Delahay,  J.  Phys.  Chem.,  79  ,  2935  (1975). 


18 


Table  I 


Threshold  Energies  of  Aqueous  Solutions^ 


CH"  (8.45),  H2O  (10.06) 
cr  (8.81),  Br"  (8.05),  1~  (7.19) 

CIO^  (8.21),.  BrO"  (7.88),  lO"  (7.44),  CIO^  (8.45) 

SO^"  (7.17),  (7.27),  SO^"  (8.65),  S20g"  (7.33) 

NO2  (7.57),  N0“  (7.46),  n“  (7.35) 

HgPO^  (9.45),  H2P0“  (9.23),  HPO^“  (8.79),  PO^“  (7.44) 
HgAsO^  (9.44),  H2AsO^  (9.09),  HAsO^“  (8.50),  AsO^"  (8.30) 


HQD- 

(9.07), 

(7.40), 

CNS" 

(7.20) 

Sn^ 

(7.42), 

Pb2^ 

(7.23), 

in^ 

(7.15),  Tl"^ 

Cu^ 

(7.83), 

Ag"*" 

(7.60) 

Ni2^ 

(8.35), 

Co2^ 

(8.60) 

Fe2+ 

(7.38), 

Fe^" 

(7.03) 

Mn^-^ 

(8.08), 

Cr^'*' 

(6.14), 

Cr^ 

(7.33) 

(6.38), 

(7.06),  Ti^"^  (6.90) 

Weak  acids  and  aniens:  formic  (10.0,  7.55),  acetic  (9.00,  7.82),  propionic 

(9.08,  8.42),  n-butyric  (8.99,  8.23),  oxalic  (8.26,  7.50,  7.32),  tartaric 
(8.55,  7.72,  7.37),  citric  (8.66,  8.52,  8.39,  7.48) 

Weak  bases  and  cations:  trietlylamine  (6.73,  7.57),  aniline  (7.39,  8.44) 
ethylenediandne  (7.20,  7.47,  8.13) 

^  Values  of  in  electrcxivolts.  Standard  deviation  of  0.01  to  0.03  eV  in 
general. Results  for  catiens  generally  obtained  with  chloride  or 
perdilorate  solutions. 
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Captions  to  Figures 

Figure  1.  Schematic  diagram  of  instrunent  for  the  determinaticn  of  emission 
spectra.^ 

Figure  2.  Photoeleotron  emission  spectrun  of  liquid  water  at  1.5°C  {carve 

A)  and  plot  of  against  E  (line  B).  Statistical  F-test  of  exponent  of 

9  2  2 

the  yield  in  inset.  F  =  R  (N  -  2)/(l  -  R  )/  where  R  is  the  correlation 
coefficient  for  least  square  fitting  and  N  the  number  of  points. 

Figure  3.  Plot  of  threshold  energy  and  reorganization  free  energy  against  the 
free  energy®  aG  *  |e|E°  (E°  standard  reduction  potential  for  the 
ooiple). 

Figure  4.  Free  energies  of  formaticn  and  free  energy  changes  (in 

Q 

electron  volts)  for  photoeleotron  enussicn  fcy  water  and  lydroxide  ion. 

Figure  5.  Correlation  between  ionization  potential  and  threshold  energy 

corrected  for  the  difference  AE^  between  the  ligand  field  stabilization 

3+  2+  8 

energies  for  M  and  M  in  an  octahedral  field. 
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